Upon mitochondrial depolarization, Parkin, a Parkinson's disease-related E3 ubiquitin ligase, translocates from the cytosol to mitochondria and promotes their degradation by mitophagy, a selective type of autophagy. Here, we report that, in addition to mitophagy, Parkin mediates proteasome-dependent degradation of outer membrane proteins such as Tom20, Tom40, Tom70, and Omp25 of depolarized mitochondria. By contrast, degradation of the inner membrane and matrix proteins largely depends on mitophagy. Furthermore, Parkin induces rupture of the outer membrane of depolarized mitochondria, which also depends on proteasomal activity. Upon induction of mitochondrial depolarization, proteasomes are recruited to mitochondria in the perinuclear region. Neither proteasome-dependent degradation of outer membrane proteins nor outer membrane rupture is required for mitophagy. These results suggest that Parkin regulates degradation of outer and inner mitochondrial membrane proteins differently through proteasome-and mitophagy-dependent pathways.
double-membraned autophagosome, and the autophagosome then fuses with a lysosome to degrade the enclosed materials. Although autophagy has been thought to be mainly non-selective, recent studies have revealed that the autophagosomal membrane can recognize some specific proteins and organelles. Parkin-mediated autophagy of damaged mitochondria is one of the best examples of selective autophagy. However, the precise role of Parkin in the induction of mitophagy has not been fully elucidated. To date, several mitochondrial proteins, voltage-dependent anion channel 1 (VDAC1) (8) , mitofusin (a mitochondrial pro-fusion factor) (11, 14, 15) , Bcl-2 (16) , and Drp1 (17) have been shown to be ubiquitinated by Parkin. Ubiquitination of VDAC1 may recruit the autophagy adaptor p62, which interacts with microtubule-associated protein light chain 3 (LC3) on the autophagosomal membrane (8) ; however, the requirement of p62 remains controversial (18) (19) (20) (21) . Ubiquitination of mitofusin may affect mitochondrial fission or fusion, which would facilitate mitophagy (11, 14, 15) .
Mitochondrial degradation by autophagy has been extensively studied, whereas the involvement of the proteasome in Parkin-mediated mitochondrial degradation is less clear. As the proteasome has been found on mitochondria (22) , it is possible that it has a more direct role in mitochondrial protein degradation together with Parkin.
In this study, we determined the roles of mitophagy and proteasomal degradation in Parkin-dependent degradation of depolarized mitochondria and found that proteins in the outer mitochondrial membrane (OMM) and the intermembrane space can be degraded by the proteasome, whereas those in the inner mitochondrial membrane (IMM) and the mitochondrial matrix are degraded mainly by mitophagy in cultured fibroblasts. Furthermore, we observed that Parkin induces rupture of the OMM, which is also dependent on the proteasome. These results reveal the novel Parkin-proteasome pathway and also provide new insights into maintenance of mitochondrial morphology.
EXPERIMENTAL PROCEDURES

Plasmids
HA epitope-tagged Parkin (12) , enhanced green fluorescent protein (EGFP)-tagged Omp25 (23) , and Su9-GFP (24) were subcloned into the pMXs-IP vector (25) .
Antibodies and reagents
Rabbit polyclonal antibodies against Tom70 (26) , Tom40 (27) , Tom20 (28) , Tim23 (29) , Tim17 (29) , Tim44 (29) , proteasome subunit α7 (30) , and LC3 (31) have been previously described. We purchased mouse monoclonal antibodies against cytochrome c (Becton Dickinson), complex III (C-III) core I (Invitrogen) and α-tubulin (DM 1A) (Sigma-Aldrich), and rabbit polyclonal antibodies against Tom20 (Santa Cruz). Alexa 488-conjugated anti-mouse IgG, and Alexa 568-conjugated anti-rabbit IgG secondary antibodies were purchased from Molecular Probes. Horseradish peroxidase-conjugated anti-mouse and anti-rabbit IgG antibodies were purchased from Jackson ImmunoResearch.
Puromycin dehydrochloride, bafilomycin A 1 , actinomycin D, CCCP, and etoposide were purchased from Sigma-Aldrich. Lactacystin and MG132 were purchased from Peptide Institute Inc.
Cell culture and transfection
MEFs were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, L-glutamine, and penicillin/streptomycin in an atmosphere of 5% CO 2 at 37°C. FIP200 -/-(FIP200 KO) (32) and Atg5 -/-(Atg5 KO) (33) MEFs were previously generated. DNA transfection was performed according to the manufacturer's instructions using FuGENE 6 transfection reagent. Plasmid DNA was transfected into Plat-E packaging cells and cultured for 72 h (25) . The supernatant containing retrovirus (cultured medium) was used for transfection. MEFs were incubated in the culture medium containing retrovirus for 4 h in the presence of 4-8 μM polybrene. MEFs infected with HA-Parkin or empty virus were selected in the presence of 2 μM puromycin dehydrochloride. MEFs stably expressing HA-Parkin or empty vector were used for immunocytochemistry, immunoblot analysis and electron microscopy. These MEFs were further infected with GFP-Omp25-or Su9-GFP-coding retroviruses and used for flow cytometry analysis.
Flow cytometry
Cells were harvested with 0.05% Trypsin-EDTA (GIBCO) and diluted with phosphate-buffered saline (PBS). Analysis of 1 x 10 4 cells per sample was performed on a FACSCalibur HG (Becton Dickinson). Data were analyzed using BD CellQuest Pro (Becton Dickinson). GFP fluorescence intensity was normalized to that of CCCP-untreated samples (set to 100%) and the relative intensity of GFP in the CCCP-treated group was calculated accordingly.
Immunocytochemistry
MEFs grown on gelatine-coated coverslips were washed twice with PBS and fixed in 4% paraformaldehyde in PBS for 10 min at room temperature (RT). Cells were then washed twice with PBS and permiabilized with 0.1% Triton X-100 in PBS and were again washed twice with PBS. To retrieve C-III core 1 antigen, the coverslips (with cells) were put into hot ion exchange water, boiled in a microwave, and left for 5 min. After blocking with 3% bovine serum albumin in PBS for 30 min at RT, the cells were incubated with primary antibodies for 1 h at RT. Cells were washed four times with PBS followed by incubation with secondary antibodies for 1 h at RT. 
Electron microscopy
Parkin-expressing MEFs were cultured on collagen-coated plastic coverslips. Tthey were fixed in 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4 (PB) for 2 h. The cells were washed in the same buffer three times, and were post-fixed in 1% osmium tetroxide in 0.1 M PB for 1 h, then dehydrated, and embedded in Epon 812 according to a standard procedure (34) . Ultrathin sections were stained with uranyl acetate and lead citrate and observed under a Hitachi H-7100 electron microscope. For immunoelectron microscopy analysis of endogenous proteasome, cells were fixed with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 2 h at room temperature. The pre-embedding silver enhancement immunogold method was performed as previously described (35) .
RESULTS
OMM proteins are degraded mainly in an autophagy-independent manner in depolarized mitochondria
To analyze the role of Parkin in turnover of damaged mitochondria, we utilized a well-established experimental system (6, 12, 19) . We introduced exogenous Parkin into mouse embryonic fibroblasts (MEFs), in which expression of endogenous Parkin is negligible, and treated cells with the mitochondrial uncoupling reagent carbonyl cyanide m-chlorophenylhydrazone (CCCP). In these Parkin-transfected cells, mitochondria translocated to the perinuclear region and were degraded during CCCP treatment for 24 h, whereas mitochondria remained present throughout the cytoplasm in Parkin-untransfected cells (Fig. 1A) (6, 19) . In Parkin-transfected cells, we found that the signal of the OMM protein marker Tom20 disappeared more rapidly than that of the IMM/matrix protein (associating with the matrix side of the IMM) marker core 1 subunit of complex III (C-III).
We next tested the involvement of autophagy in this process, which has been previously demonstrated (36, 37) . The disappearance of C-III core 1 was greatly suppressed in autophagy-deficient FIP200 knockout (KO) (34) and Atg5 KO MEFs (33) transfected with Parkin, and the C-III core 1 signal was easily detected even 24 h after CCCP treatment (Fig. 1B) . By contrast, the Tom20 signals were affected only slightly and lost at 24 h even in these autophagy-deficient cells. Tom70, another OMM protein, showed a similar pattern (Fig. S1 ). These observations raised the possibility that there may be a difference in the protein degradation mechanism between the OMM and IMM.
To test this hypothesis in a quantitative manner, we established a flow cytometry-based assay. We generated MEF lines stably expressing green fluorescent protein (GFP) fused to the mitochondrial matrix-targeting signal of subunit 9 of the mitochondrial FoF 1 -ATPase (Su9-GFP) (24) and GFP-Omp25, as fluorescent mitochondrial matrix and OMM markers, respectively. As expected, the Su9-GFP and GFP-Omp25 signals were largely unaffected in Parkin-untransfected MEFs, but significantly decreased in Parkin-transfected wild-type MEFs in a time-dependent manner following CCCP treatment (Fig. 1C) . The CCCP-induced decrease in the Su9-GFP signal was markedly inhibited in FIP200 KO and Atg5 KO MEFs. However, decrease in the GFP-Omp25 signal was ameliorated only slightly in FIP200 KO and Atg5 KO MEFs (Fig. 1C) . At 24 h after CCCP treatment, most GFP-Omp25 signals were lost even in these autophagy-deficient cells. These data suggest that OMM protein degradation depends only partially on autophagy, whereas matrix protein degradation almost completely relies on autophagy.
We further confirmed these findings by immunoblot analysis with additional mitochondrial proteins. The expression levels of Tom40, Tom20, cytochrome c, Tim23, Tim17, and C-III core 1 were almost unchanged during 48-h CCCP treatment in the absence of exogenous Parkin (Fig. 1D) . In Parkin-transfected wild-type MEFs, the OMM proteins Tom40 and Tom20, and the intermembrane space protein cytochrome c were almost undetectable 12 h after CCCP treatment (Fig. 1D ). By contrast, small, but significant amounts of the IMM proteins Tim23 and Tim17, and the IMM/matrix protein C-III core 1 and Tim44 were still detected at 12 h. This difference was observed more clearly under autophagy-deficient conditions. In FIP200 KO cells, degradation of Tom40, Tom20, and cytochrome c was retarded, but these proteins were almost undetectable at 24 h after CCCP treatment (Fig. 1D) . Degradation of Tim23, Tim17, C-III core 1, and Tim44 was more markedly suppressed; these proteins were detectable even after 48-h CCCP treatment. In particular, degradation of the IMM/matrix proteins C-III core 1 and Tim44 was inhibited almost completely in FIP200 KO cells. Thus, degradation of IMM and matrix proteins seems to be more dependent on autophagy than that of OMM and intermembrane space proteins.
These data, which were collected using three different methods for several different mitochondrial proteins, suggest that mitochondrial proteins are differentially degraded in CCCP-treated cells; OMM and intermembrane space proteins appear to be degraded more rapidly, mainly through an autophagy-independent manner, than IMM and matrix proteins, which are degraded primarily by mitophagy.
CCCP induces OMM rupture in a Parkin-dependent and autophagy-independent manner
Next, using transmission electron microscopy, we examined the morphologic changes that occur during degradation of mitochondrial proteins. CCCP induced mitochondrial fragmentation irrespective of Parkin expression ( Fig. 2A, and Fig. S2 , A and C). At 6 h, the fragmented mitochondria clustered in the perinuclear region and became enclosed by isolation membranes in Parkin-transfected wild-type cells (Fig. 2A, c and d, and Fig. S2A , a-c). At 12 h following CCCP treatment, large numbers of mitochondria were enclosed by autophagosomes and degraded ( Fig. 2A , e and f, and C). At this time point, the majority of autophagosomes contained cytoplasm without mitochondria (Fig. S2A d, and B) . At 24 h, almost no mitochondria remained and only autophagosomes containing cytoplasm without mitochondria were observed (Fig. 2B a) . Most of the isolation membranes that were enclosing mitochondria were associated with the rough endoplasmic reticulum ( Fig. 2A d and Fig. S2A ), as frequently observed in canonical autophagy (38-40). It is, therefore, likely that the conventional isolation membrane is involved in mitophagy. Either a single mitochondrion or a cluster containing several (sometimes more than 10) mitochondria was enclosed by an autophagosome (Fig. 2 A, c-f, and Fig. S2A ). Occasionally, several distinct isolation membranes appeared to enclose a single mitochondrial cluster (Fig. S2A b) . In agreement with previous reports, CCCP-induced mitochondrial clustering and mitophagy were not observed in Parkin-untransfected cells (Fig.  S2C) . Typical mitophagy was not observed in Parkin-expressing FIP200 KO cells ( Fig. 2A) , although some aberrant membrane structures were generated occasionally (Fig. S2A, g and h, and B).
Besides these mitophagy-related membrane organizations, we observed morphological changes in mitochondria themselves. The CCCP treatment caused mitochondrial swelling, rupture of the OMM and loss of cristae structure. These changes could be observed at 6 h and became prominent at 12 h (Fig. 2A, e and f, and C) . Rupture of the OMM was Parkin-dependent because it was not observed in Parkin-untransfected wild-type and FIP200 KO MEFs even 24 h after CCCP treatment (Fig. S2C) . The swollen mitochondria with ruptured OMM accumulated in Parkin-transfected FIP200 KO cells, probably because these mitochondria were not eliminated by mitophagy (Fig. 2A, k and l, B b and c, and C). Rupture of the OMM was often partial; residual OMM fragments were frequently observed on ruptured mitochondria. Portions of mitochondria with OMM retained cristae inside ( Fig. 2A l, arrows) . By contrast, portions that lost the OMM contained destructed cristae ( Fig.  2A l) . This suggests that the OMM is important for maintenance of the cristae structure. On these ruptured mitochondria, isolation membranes seemed to appear on the mitochondrial surface that had residual OMM (Fig. S2A f, arrows) , suggesting that some adaptor protein(s) on the OMM such as p62 may be involved in mitochondrial recognition (8, 18, 19) . Occasionally, even the IMM appeared to be ruptured ( Fig. 2A l, double asterisk) . Both unruptured and ruptured mitochondria could be found in autophagosomes, suggesting that OMM rupture is not a prerequisite for mitophagy (Fig. 2, A and C) . All these data suggest that CCCP induces OMM rupture and probably the subsequent destruction of cristae in a Parkin-dependent, but autophagy-independent manner.
OMM protein degradation is inhibited by proteasome inhibitors
We next determined the mechanism underlying OMM protein degradation. Immunocytochemical analysis showed that bafilomycin A 1 , a specific inhibitor of vacuolar-type H + -ATPase, had only a weak inhibitory effect on CCCP-induced loss of Tom20 and Tom70 signals in Parkin-transfected cells (bafilomycin A 1 treatment causes redistribution of mitochondria throughout cells, suggesting that mitochondria are not subjected to aggregation once they are enclosed by autophagosomes) (Fig. 3A and Fig. S3A ). By contrast, Tom20 and Tom70 signals in both wild-type and FIP200 KO cells markedly recovered following treatment with the proteasomal inhibitor lactacystin, although mitochondrial clustering was not inhibited (Fig.  3A and Fig. S3A ). MG132, another proteasomal inhibitor, similarly affected the level of Tom20 and Tom70 expression (Fig. S3B , and data not shown). Lactacystin and MG132 had no effect on degradation of these proteins in Parkin-untransfected cells in this experiment (Fig. 3A and Fig. S3 ). This unexpected effect of lactacystin was also observed in the flow cytometry-based degradation assay. CCCP-induced GFP-Omp25 degradation was significantly inhibited by treatment with lactacystin (Fig. 3B ) or MG132 (data not shown), and almost fully restored in autophagy-deficient cells.
Finally, we confirmed the effect of lactacystin by immunoblot analysis. CCCP-induced degradation of Tom40, Tom20, and cytochrome c was partially suppressed by bafilomycin A 1 in wild-type cells, but not in autophagy-defective FIP200 KO cells (Fig. 3C) . The lysosome-inhibitory effect of bafilomycin A 1 was confirmed; bafilomycin A 1 increased the levels of the autophagosome marker LC3-II by suppression of its degradation in wild-type cells, but not in FIP200 KO cells. As expected, lactacystin showed inhibitory effects on degradation of Tom40, Tom20, and cytochrome c. In FIP200 KO cells, the effect of lactacystin was prominent; degradation of Tom20 and cytochrome c was almost completely suppressed (Fig. 3C) . Although less efficient, degradation of Tom40 was also suppressed by lactacystin. These data suggest that the proteasome is involved in Parkin-dependent degradation of OMM proteins induced by CCCP.
Proteasome inhibition suppresses OMM rupture but not mitophagy
In agreement with our results using autophagy-deficient cells, degradation of IMM and matrix proteins was inhibited by treatment with bafilomycin A 1 in wild-type cells (Fig. 3, B and C). However, we found that lactacystin also mildly inhibited loss of the matrix model protein Su9-GFP in the flow cytometry-based degradation assay (Fig. 3B ). This effect was confirmed by immunoblot analysis of the IMM and IMM/matrix proteins; lactacystin inhibited degradation of Tim23, Tim17, C-III core 1, and Tim44 in Parkin-transfected wild-type cells (Fig.  3C) . There are two possible explanations for these findings: proteasome inhibition may suppress mitophagy, or it may inhibit mitophagy-independent degradation of IMM and matrix proteins. We assumed that the latter was more likely because the inhibitory effect of lactacystin on IMM and matrix protein degradation was still observed in FIP200 KO MEFs (Fig. 3, B and C) .
We thus determined whether or not mitophagy itself was inhibited by lactacystin using electron microscopy. We observed similar or slightly increased numbers of autophagosomes with and without mitochondria in lactacystin-treated cells compared to untreated cells (Fig. 4, A and C) . Enclosed mitochondria were indeed degraded in autolysosomes (Fig. 4A g, double asterisks) . Thus, lactacystin does not inhibit mitophagy. In this experiment, we also found that lactacystin restored the integrity of the OMM. Whereas 12-h CCCP treatment caused OMM rupture in almost all mitochondria, lactacystin suppressed the rupture almost completely both in wild-type (Fig. 4A c-f and B) and FIP200 KO MEFs (Fig.  4A j and k, and B) . The structure of the cristae was restored accordingly. Disruption of the IMM, which was observed in some CCCP-treated mitochondria ( Fig. 2A l) , was not detected in lactacystin-treated cells. Lactacystin did not inhibit mitochondrial fragmentation and clustering (Fig. 4A ). These data suggest that proteasomal activity is critical for OMM rupture, which would eventually cause mitophagy-independent protein degradation of the inter membrane space, IMM and matrix, or whole mitochondrial loss.
Bafilomycin A 1 treatment caused accumulation of large autophagic vacuoles containing mitochondria in wild-type, but not in FIP200 KO cells (Fig. 4C and Fig. S4) . Consistent with the results obtained by fluorescence microscopy (Fig. 3A) , the bafilomycin A 1 treatment impaired mitochondrial aggregation (Fig. S4e) . Bafilomycin A 1 treatment did not inhibit OMM rupture of mitochondria in the cytoplasm (Fig.  S4) .
Proteasomes are recruited to depolarized mitochondria
OMM protein degradation occurs in two possible locations. First, upon CCCP-induced Parkin translocation, the OMM proteins may be extracted from the mitochondrial membrane and delivered to the proteasomes, or second the proteasomes may be recruited to damaged mitochondria. Our observation that proteasome-inhibitor treatments caused accumulation of Tom20 and Tom70 on the mitochondrial membrane in CCCP-treated cells (Fig. 3A, and Fig. S3 ) suggests the latter possibility is more likely than the former. We tested this hypothesis by co-staining C-III core 1 and the proteasome α7 subunit. Under normal conditions, the proteasomes were diffusely present in both the nucleus and cytoplasm (Fig.  5A) . However, following CCCP treatment, proteasomes translocated to the perinuclear regions and co-localized with clustered mitochondria in Parkin-transfected wild-type and FIP200 KO MEFs (Fig. 5A) . Translocation was also observed in lactacystin-treated cells (Fig. 5A) . Immunoelectron microscopy also revealed the presence of the proteasome on mitochondria, most of which are morphologically altered (Fig. 5B) . These data suggest that the proteasomes are recruited to depolarized mitochondria and degrade OMM proteins.
DISCUSSION
We have shown that Parkin mediates OMM protein degradation and rupture, which depend on proteasomal activity in depolarized mitochondria; Fig. 6 shows a model of the proposed mechanism. Parkin translocates to depolarized mitochondria and induces degradation of OMM proteins in a proteasome-dependent manner. The proteasome is also recruited to these depolarized mitochondria. This is consistent with recent studies that VCP/p97 can be recruited to mitochondria and is involved in OMM protein degradation (41, 42) . Massive degradation or specific degradation of some critical protein(s) causes OMM rupture, which would trigger degradation of intermembrane space proteins. OMM rupture exposes the IMM to the cytoplasmic environment and also causes vigorous morphological changes of the IMM structure, which may eventually lead to secondary degradation of IMM and matrix proteins. This model could explain why Tim23 and Tim17 are relatively more sensitive to degradation than C-III core 1 and Tim44, as Tim23 and Tim17, but not C-III core 1 and Tim44, are exposed to the intermembrane space (43, 44) . These novel roles of Parkin are neither dependent on nor required for its well-known role in mitophagy induction; we observed that whole mitochondria with either ruptured or unruptured mitochondria were degraded by mitophagy, and that lactacystin did not inhibit mitochondrial sequestration by autophagosomes. Therefore, Parkin has three distinct functions: clustering of depolarized mitochondria, mitophagy inducation, and OMM protein degradation and rupture.
During revision of this paper, three independent groups reported that OMM proteins including mitofusin 1/2, Tom20, Tom70, and VDAC can be degraded in a Parkin-and proteasome-dependent manner (17, 41, 45) . Two of them suggest that degradation of mitofusin or other OMM proteins could promote mitophagy (41, 45) . These observations are different from that of our ultrastructural analysis suggesting that proteasomal degradation is not essential for mitophagy (Fig. 4) . The exact reason behind this discrepancy is currently unknown, but this may be due to difference in experimental systems. Alternatively, it is still possible that, although proteasomal degradation is not essential, it may be important for efficient mitophagy.
Ours and other groups' data have shown that many OMM proteins could be degraded in a Parkin-dependent manner (8, 11, (14) (15) (16) (17) 41, 45) . It is unknown whether all these proteins are directly recognized and ubiquitinated by Parkin. It is known that the proteasome can degrade non-ubiquitinated proteins in trans, if these proteins are recruited to the proteasome by other mediator proteins (46) (47) (48) . Because proteasome (Fig. 5) and VCP/p97 can be recruited to depolarized mitochondria (41) , such an indirect mechanism may be involved. Alternatively, rupture of the OMM may induce degradation of other OMM proteins as secondary events.
Our results also emphasize that it is critically important to use IMM or matrix proteins as indicators of mitophagy; analysis of OMM proteins alone may merely represent proteasomal degradation instead of mitophagy. Quantification of the mitochondrial DNA copy number would be another ideal method for monitoring mitophagy (20) .
Although the biological role of Parkin in OMM degradation and rupture is intriguing, its pathophysiological relevance is not clear. Similar OMM rupture has been observed in apoptotic cells (49) (50) (51) , but we detected neither activation of caspase-3 nor nuclear fragmentation in these cells (data not shown). The involvement of the ubiquitin-proteasome system including other E3 ligases in OMM protein degradation and quality control has been reported (52) (53) (54) (55) (56) (57) . Parkin may also have a role in quality control of mitochondria through turnover of OMM proteins under pathophysiological conditions. If mitochondrial damage is massive, Parkin may trigger whole mitochondrial degradation by mitophagy. Such cooperation between the ubiquitin-proteasome system and mitophagy has also been observed in fission yeast; proteasome dysfunction causes mitophagy in G0 phase to reduce the level of reactive oxygen species (58). Although more studies will be required, particularly using primary neurons, Parkin could be a key factor that regulates cellular homeostasis through mitochondrial turnover both in an autophagyand a proteasome-dependent manner. 
